1. Introduction {#sec1}
===============

Multidrug-resistant (MDR) microorganisms are a major problem for current medicine. Infections caused by resistant bacteria demand prolonged and not always successful treatments that affect negatively mortality and morbidity rates.^[@ref1]^ New resistance mechanisms, as enzymes destroying antibiotics, have emerged, making the new generation of antibiotics virtually ineffective.^[@ref2]^ Patients after organ transplantation or treated for other diseases like cancer, are especially vulnerable to acquire MDR bacterial infections. As an example, almost 170 000 people die each year as a result of tuberculosis caused by MDR bacteria.^[@ref3]^ The mortality rate for patients with MDR infections is about 2 times higher than that for patients with nonresistant bacterial infections.^[@ref2]^ Therefore, there is an urgent need for designing new alternative bactericidal agents.

Nanoscale materials bring new possibilities in the development of effective antimicrobial agents. Several metal nanoparticles (NPs) (e.g., silver, copper, gold) have been synthesized and tested for antimicrobial activity against several pathogenic bacterial strains: *Staphylococcus aureus*, *Echierichia coli*,^[@ref4]−[@ref7]^ etc. Extensively studied silver and copper nanoparticles arise as potent antimicrobial agents; however, there are many concerns over their cyto- and genotoxicity toward mammalian cells.^[@ref8]−[@ref12]^ Toxicological studies suggest that those mentioned metallic nanoparticles may cause many unfavorable health and environmental effects. One type of NPs that has recently attracted a lot of attention and, compared to other NPs, exhibits low toxicity is nanoparticulated gold. Due to their chemical stability and easy surface functionalization, AuNPs have been extensively used in drug delivery applications, intracellular gene regulation, bioimaging (as contrast agents), anti-inflammatory therapy and anticancer therapy (photodiagnostic and photothermal therapy).^[@ref13]−[@ref17]^ Furthermore, the antimicrobial activity of gold nanoparticles has been recently demonstrated,^[@ref18]−[@ref20]^ although their mechanism of bacterial growth inhibition remains still unclear. Many reports present the bacterial wall damage as the cause of the bacterial cell death. Another hypothesis concerning the mechanism of NPs biocidal activity, focuses on reactive oxygen and nitrogen species (ROS/RNS) generation as a potential cause of bacterial cell damage and death.^[@ref21],[@ref22]^ Importantly, the antimicrobial activity strongly depends on the size, shape and surface modifications of AuNPs. For instance, to enhance the antibacterial effect, gold nanoparticles or nanorods were conjugated with photosensitizers and were successfully used to eliminate bacteria by photodynamic antimicrobial therapy.^[@ref23],[@ref24]^ All of the enticing properties of AuNPs, mainly noncytotoxic effects toward mammalian cells at the tested concentrations, made them to be perceived as well suited materials for many biomedical applications.^[@ref25]^

Unfortunately, the reconsideration of gold nanoparticle cytotoxicity has been recently a popular issue. Several reports suggest adverse effects of AuNPs.^[@ref26]−[@ref28]^ Many multiparametric studies are being conducted in order to elucidate the real nature of nanoparticle--cell interactions. The large variety of approaches makes the data incoherent. Also, many cytotoxicological studies do not take into account the potential interferences of the nanoparticles with the colorimetric assays used.^[@ref29],[@ref30]^ However, there are a few common and important assumptions about AuNPs cytotoxicity. It was demonstrated that cell uptake of gold nanoparticles is size, shape, dose, exposure time and cell type dependent.^[@ref31]−[@ref33]^ The smaller the nanoparticles, the higher the surface to volume ratio and therefore, the number of NP--cellular component interactions increases.^[@ref34]^ Moreover, the decrease in NPs size might be responsible for glutathione level depletion and, consequently, an enhanced cytotoxicity.^[@ref35]^ Still, the size influence on cytotoxicity is not so straightforward. For instance, Mironova et al. have demonstrated that 45 nm AuNPs (20 μg/mL) caused a significant increase in human dermal fibroblasts proliferation doubling time compared to the 13 nm ones (142 μg/mL). Noteworthy, increased doubling time of cells is sometimes faultily addressed as cytotoxicity. Both particle sizes, even though they had different internalization routes, were found to be sequestered inside large vacuoles without showing nuclei penetration.^[@ref36]^ In contrast, Pan et al. reported that 1 and 4 nm gold nanoparticles were the most cytotoxic toward connective tissue fibroblasts, epithelial cells, macrophages and melanoma cells (IC50 ∼ 30--46 μg/mL), whereas 15 nm AuNPs were not toxic at concentrations up to 100-fold higher (up to 6300 μg/mL).^[@ref37]^ Conversely, no difference in cytotoxicity of 10 and 100 nm AuNPs was observed by Hondroulis et al.^[@ref38]^ Furthermore, Connor et al. reported a high rate uptake by human cells (K562, immortalized myelogenous leukemia cell line) with no cytotoxic effect when using 18 nm gold nanoparticles up to 100 μM.^[@ref39]^ Similarly, Shukla et al. presented a discerning report claiming that gold nanoparticles are inert and nontoxic to macrophage cells (RAW264.7) and do not elicit stress-induced secretion of proinflammatory cytokines.^[@ref25]^ Furthermore, inhibition of reactive oxygen and nitric oxide species generation at higher NPs concentration was proven.^[@ref25]^ Another important aspect has been demonstrated, the cytotoxic effect after internalization of gold NPs is often a result of the activity of the coating agent or the gold precursor, e.g., CTAB-capped AuNPs displayed a similar toxicity to CTAB alone, whereas washed CTAB-capped AuNPs were not cytotoxic to human colon leukemia cells (K562) and carcinoma cells (HT-29) (up to 25 μM).^[@ref39],[@ref40]^ Going further in the surface modifications, the application of polymer coatings on the surface of Au nanoparticles and nanorods can significantly reduce the cytotoxicity, e.g., by PEG, PAA, PAH, starch modifications.^[@ref40]−[@ref44]^

Another important aspect of polymeric--metal composites for biomedical application is their mechanical strength. Addition of an inorganic component to the polymeric film resulted in a decrease of the tensile strength and an increase in the elongation percentage. Mechanical and barrier properties of chitosan films with and without silver nanoparticles were studied by Rhim et al.; after filler addition, the tensile strength increase and water vapor permeability decrease were proven experimentally.^[@ref45]^ Also, Panhius et al. demonstrated the TiO~2~ and Ag nanoparticles ability to reinforce mechanical properties and water vapor transmission/water resistance behavior of chitosan films.^[@ref46]^ For both fillers, a significant mechanical improvement of polymeric films was observed (Young's modulus, tensile strength and toughness increase). Importantly, silver nanoparticles induced the enhancement in water swelling.^[@ref45],[@ref46]^ Taking those considerations into account, we suggest that the incorporation of chitosan films with gold nanoparticles may induce similar changes in the properties of the resulting films.

Herein we present innovative chitosan--gold nanocomposites. For the first time, solid CS-AuNPs films were carefully analyzed in terms of physicochemical properties and biological activity. Chitosan, a biocompatible carbohydrate polymer, has been used as a reducing and stabilizing agent in a green-synthesis of metal NPs.^[@ref47],[@ref48]^ A tremendous advantage of chitosan is its biocidal activity against bacteria, yeast, mold and simultaneous noncytotoxic effects toward mammalian cells.^[@ref49]−[@ref52]^ We explored the physicochemical influence of the polymer properties (average molecular weight and deacetylation degree) with the resulting AuNP characteristics. Antibacterial activity was evaluated according to the European Norm ASTM E2180-07 for polymeric materials, against selected, resistant Gram-positive and negative bacterial strains (*Staphylococcus aureus* and, *Pseudomonas aeruginosa*, respectively).^[@ref53]^ Finally, in view of their potential biomedical application, the cytotoxicity of the prepared nanocomposites was evaluated using two human cell lines: A549 (human lung adenocarcinoma epithelial cell line) and HaCaT (an immortal human keratinocyte).

2. Experimental Section {#sec2}
=======================

Materials {#sec2.1}
---------

Chitosan with low/medium/high (CS_L/M/H) average molecular weight (Mw ∼ 369 ± 4; 1278 ± 8; 2520 ± 9 kDa, respectively) was purchased from Sigma-Aldrich and used as received. Chitosan L and M were obtained from chitin of shrimp shells whereas chitosan H was obtained from chitin of crab shells. The deacetylation degree for CS_L/M/H was 86 ± 3%; 89 ± 2%; 85 ± 3%, respectively.^[@ref54]^ Aqueous solutions of acetic acid (99.8% Sigma-Aldrich) were used as the solvent. Gold(III) chloride trihydrate (≥99.9%; 48.5--50.25% Au), sodium hydroxide (anhydrous, ≥98%), thiazolyl blue tetrazolium bromide (98%) and the LDH (lactate dehydrogenase) assay kit were also supplied by Sigma-Aldrich. Dimethyl sulfoxide (DMSO) and methanol were purchased from Chempur. Phosphate-buffered saline (PBS) without Ca and Mg was purchased from PAA The Cell Culture Company. Dulbecco's modified Eagle's medium (DMEM) high in glucose (4.5 g/L) with [l]{.smallcaps}-glutamine with and without phenol red was used in cell culturing and was supplied by Thermo Scientific. Materials for bacteria culturing were purchased from BIOMED (broth) and BIOCORP (agar). Sucrose, sodium cacodylate trihydrate (approximately 98 wt %), glutaraldehyde solution (50 wt % in water) and methanol anhydrous 99.8 wt % (Sigma-Aldrich) were used to fix and dehydrate the cells before scanning electron microscopy (SEM) visualization.

Chitosan based Gold Nanoparticle Synthesis {#sec2.2}
------------------------------------------

Chitosan flakes were dissolved at 65 °C under stirring in 0.1 M acetic acid to obtain a 1% (w/v) concentration until clear solutions were obtained (∼12 h). Chitosan solutions (L, M, H Mw) were heated up to 60 °C using and oil bath and magnetic stirring. Then, gold chloride solutions (1, 2, 5, 10 mM; always in volume ratio CS:HAuCl~4~ = 5:2) were added dropwise and the prepared mixtures were kept under heating and stirring for 4 h (optimized synthesis time). The color of the mixture was evolving from colorless (a little bit yellowish for CS_L) to pink and purple, indicating gold nanoparticle formation. To simplify further sample nomenclature, a system of abbreviation was used (e.g., L1 where L stands for chitosan with low Mw and 1 for 1 mM initial gold precursor concentration).

Chitosan-Gold Nanocomposite Preparation {#sec2.3}
---------------------------------------

Nanocomposites were prepared by a solvent evaporation method. Chitosan L/M/H (1% (w/v)) solutions and chitosan based gold nanoparticles dispersions (25 mL) were poured into Petri dishes (polystyrene, internal diameter 9 cm) and dried in an electric oven (Pol-Eko) at 60 °C until the solvent was completely evaporated. In a second step, chitosan acetate and chitosan acetate--gold nanoparticles were neutralized with 1 wt % NaOH solution and washed with distilled deionized (DDI) water. Neutralized CS_AuNPs films were dried again in the oven and kept in the dark until further use.

Gold Nanoparticle and Chitosan--Gold Nanocomposite Characterization {#sec2.4}
-------------------------------------------------------------------

UV--Vis spectroscopy was used as an analytical tool to track gold nanoparticle formation. UV--vis measurements were carried out in a double beam UV--vis spectrophotometer (PerkinElmer Lambda 35), over a range between 300 and 800 nm. To evaluate the potential detachment of the gold nanoparticles from the chitosan films, 3 × 3 cm pieces of each CS-AuNPs nanocomposite were placed in glass bottles with 30 mL of distilled water and the supernatant spectrophotometrically analyzed over time. The detection was carried out by measuring UV--vis spectra after 2, 6, 24 and 48 h of incubation. Infrared absorption measurements were performed on a Bruker Equinox infrared spectrophotometer. Each spectrum was collected with 2 cm^--1^ resolution in a range 4000--400 cm^--1^. Transmission electron microscopy (TEM) images of CS_AuNPs suspensions were taken using an FEI Tecnai T20 Microscope. The size distribution of colloidal AuNPs was determined from the enlarged TEM micrographs, using National Instruments IMAQ Vision Builder software, counting at least 200 particles/image. Size-distribution measurements were performed on an FEI Tecnai T20 microscope and a FEI Tecnai G^2^ F30 microscope equipped with a cryoholder to avoid damage on the samples (high resolution scanning transmission electron microscopy (STEM) with a high angle annular dark field (HAADF) detector) at LMA-INA-UNIZAR. Gold nanoparticles were then identified by energy dispersive X-ray spectroscopy (EDS). Nanocomposites were fixed in a resin and cut with an Ultramicrotome (Leica EM UC7) equipped with a diamond knife. Thermogravimetric analysis (Mettler Toledo TGA/STDA 851^e^) of chitosan--gold films was applied to determine the degradation temperatures of the polymer, moisture content and percentage of inorganic components in the material. Samples were analyzed in Ar atmosphere (gas flow 50 mL/min) in a temperature range between 30 and 850 °C with a heating rate of 20 °C/min. X-ray photoelectron spectroscopy (Axis Ultra DLD 150, Kratos Tech.) was used to evaluate the AuNP dispersion along the film thickness and weight percentage of NPs in the selected composites. The spectra were excited by the monochromatized Al Kα source (1486.6 eV) run at 15 kV and 10 mA.

Cytotoxicity Assay {#sec2.5}
------------------

To determine the cytotoxic activity of the CS_AuNPs dispersions and films, two different cell lines were used in this study: A549 (human lung adenocarcinoma epithelial cell line) and HaCaT (an immortal human keratinocyte). A549 and HaCaT were maintained in high-glucose Dulbecco's modified Eagle's medium (DMEM) with 1% of antibiotics and 1% of fetal bovine serum (FBS). Cells were cultured at 37 °C in 5% CO~2~ saturated air. Culture media were replaced every 2 days. Cells were passaged at least once a week. Before the cytotoxicity assay, all nanocomposites were sterilized under UV light for 30 min.

### CS_AuNP Dispersions {#sec2.5.1}

Cells were seeded in 96-well flat bottom microtiter plates at a density of 1 × 10^4^ cells per well with 200 μL of medium (37 °C, 5% CO~2~ atmosphere). After 24 h of culturing, the medium was aspirated out, and cells were washed with phosphate-buffered saline (PBS). Each well was treated with different CS L/M/H_AuNP dispersions at different concentrations, diluted in DMEM with 1% serum and incubated for 24 h (37 °C, 5% CO~2~ atmosphere). A549 cell viability was determined by the MTT assay. Briefly, each well was rinsed with PBS and treated with 200 μL of the MTT solution (0.5 mg/mL in DMEM without serum). After 3--4 h of incubation, MTT was reduced into insoluble purple formazan crystals. Crystals were dissolved in DMSO:CH~3~OH (1:1). The absorbance was read in a microplate reader (TECAN Infinite 200) at 565 nm. Results obtained for samples compared with untreated cells as a control were presented as a percentage of viable cells. Any potential interference from the nanoparticles was evaluated and ruled out during the assay. For the HaCaT cell line, MTT and LDH assays were performed. To assess the cytotoxicity of the nanocomposites, the potential lactate dehydrogenase leakage into the culture was assessed. LDH is an enzyme existing in the cell cytoplasm, and is released into the cell culture medium after cell film damage. Therefore, leakage of this enzyme to the intercellular compartments is an indicator of cytotoxicity. LDH activity was measured according to the protocol of Chan et al.^[@ref55]^ For the colloid analysis, cells were seeded in a 96-well (AuNPs colloids) microtiter plates, at a density of 5 × 10^4^ cells/well. Cells were allowed to attach for 24 h and were treated with NP based colloids and incubated another 24 h. Absorbance (at 500 nm) was recorded using a microplate spectrophotometer (Tecan), and the results were presented as a percentage compared to the control values. Each experiment was performed in triplicate and repeated three times.

### CS_AuNP Films {#sec2.5.2}

A special method to evaluate the cytotoxicity of the nanocomposites was developed in order to obtain reliable and reproducible results. Colloids of CS L/M/H_AuNPs (1, 2, 5 10 mM) after the synthesis were poured into 12-well plate (each sample in three wells). As control, pure CS L/M/H solutions were poured into wells and dried in an electric oven at 60 °C for ∼3 h. After film formation, films were neutralized with 1 wt % NaOH and washed with deionized water. Before the cytotoxicity assay was conducted, films were sterilized under UV lamp (30 min). Each well with the corresponding sample was treated with 1 mL of cell suspensions in DMEM enriched with 1% serum (3 × 10^5^ cells/well) and incubated for 24 h (37 °C, 5% CO~2~ atmosphere). Cell viability was determined by the MTT/LDH assay. Due to the fact that films could absorb medium with cells and that some of the viable cells were not adhered strongly enough to the support, the PBS washing step was omitted. MTT solution was poured directly to the wells without removing the DMEM.

Chitosan/Gold Nanocomposites Antibacterial Activity Determination {#sec2.6}
-----------------------------------------------------------------

### Bacterial Cultures {#sec2.6.1}

Bacterial strains (*S. aureus* ATCC 25923 and *Pseudomonas aeruginosa* ATCC 27853) were maintained in enriched tryptone soy broth (TSB, BIOMED) and kept at 4 °C. In the preparation of initial culture for antimicrobial test of CS and CS-AuNPs films, 10 μL of bacteria was transferred and inoculated into 10 mL of tryptone soy broth medium (TSB, BIOMED) and incubated at 37 °C for 18--24 h to obtain ∼10^9^ colony forming units (CFU)/mL. Enriched agar (BIOCORP) was used for seeding plates preparation and initial culture for bactericidal tests preparation. The buffer solution employed for dilutions was phosphate buffered saline (PBS), prepared in a 1:1.2:7.2:40:5000 weight proportion of KCl, KH~2~PO~4~, Na~2~HPO~4~, NaCl and distilled water, respectively. Homogenization of solutions was achieved with a vortex. Bacteria cultivation was carried out in a bacteriological incubator (Thermo Scientific, MaxQ 6000). All assays were carried out in a laminar flow hood (Thermo Scientific, MSC Advantage). All materials were sterilized prior to use in an autoclave (Prestige Medical, Classic) at 121 °C during 20 min.

### Antimicrobial Activity Determination {#sec2.6.2}

To evaluate the antibacterial activity of CS_AuNP nanocomposites in a direct contact form, the ASTM E2180-07 standard method was applied (method for determining the antimicrobial effectiveness of agents incorporated into polymeric surfaces). Pure chitosan films (3 × 3 cm squares) were used as controls. After 24 h of incubation, bacteria colonies were counted and colony forming units were calculated (CFU/mL). The damage and potential rupture in the bacterial cell walls during the exposure to the chitosan--gold nanocomposites were visualized by SEM (Tescan Vega3 LMU). Detailed information about antibacterial test procedure is available in the [Supporting Information](#notes-1){ref-type="notes"}.

3. Results and Discussion {#sec3}
=========================

It has been previously demonstrated that an environmentally-friendly synthesis can be applied for the preparation of gold nanoparticles with chitosan acting as both reducing and stabilizing agent.^[@ref56]^ Following this approach, we prepared in situ colloidal gold nanoparticles by direct tetrachloroauric acid reduction in chitosan solutions at 60 °C. To study the influence of the polymer properties on the resulting AuNP characteristics, for the first time, three different chitosan forms were used varying their average molecular weight and deacetylation degree. A dependence of the gold concentration with the color of the resulting dispersions after nanoparticle formation was observed (Figure [1](#fig1){ref-type="fig"}A). Clearly, the higher gold precursor initial concentration, the more intense the color of the subsequent colloid. The electrostatic attraction between positively charged amino groups of the polymeric chains and the negatively charged gold ions (AuCl~4~^--^) results in gold reduction and NP stabilization.^[@ref57]^ Colloidal AuNP suspensions were afterward used for the fabrication of films. Figure [1](#fig1){ref-type="fig"}B shows the resulting CS-AuNP films.

![(A) Chitosan based gold nanoparticle colloids after synthesis (1, 2 and 5 mM gold precursor initial concentration, respectively); (B) photographs of chitosan--gold films with different AuNP loadings (1, 2 and 5 mM, respectively).](am-2014-08094e_0001){#fig1}

UV--Vis Spectroscopy {#sec3.1}
--------------------

Due to the localized surface plasmon resonance (SPR) effect coming from the excitation of the conduction electrons in the metals, the progress of the AuNP synthesis was tracked by using UV--Vis spectroscopy. The measurements were conducted simultaneously during 8 h for the CS L/M/H AuNPs (1 mM precursor) synthesis (Figure [2](#fig2){ref-type="fig"}A--C).

![UV--vis absorption spectra for CS_L (A), CS_M (B), CS_H (C) based AuNP synthesis progress (1 mM precursor). Spectra were also collected after synthesis for all gold initial concentrations: CS_L (D), CS_M (E), CS_H (F).](am-2014-08094e_0002){#fig2}

All spectra show the SPR extinction band at around ∼525 nm, characteristic for spherical gold nanoparticle formation.^[@ref58],[@ref59]^ The SPR band appears due to the common excitation of the nanoparticle free electrons. An exponential-decay Mie scattering profile with decreasing photon energy is clearly observable. After 4 h of synthesis, the plasmon peaks remained unaltered, indicating that the reaction was completed after that time which also supports the AuNP formation. The intensity of SPR band increases with the reaction time. In each case a progressive enhancement in the SPR band intensity can be observed, which indicates a progress in the gold reduction process and an increase in the concentration of gold nanoparticles. All of the measurements were concentration normalized. UV--vis spectra were recorded for all of prepared samples: CS_L/M/H_1/2/5 mM AuNPs (Figure[2](#fig2){ref-type="fig"}D--F) after the synthesis ended. The stability of gold nanoparticles was confirmed by measuring the spectra after 48 h and after several weeks of synthesis (data not shown). At each concentration, the intensity of the SPR band for AuNPs based on CS H is the lowest, which indicates that the reduction rate is the lowest as well. This result can be supported by the lowest deacetylation degree (DD) value (the less free amino groups available for gold ion coordination and reduction, the lower yield of reduction).^[@ref54]^

Transmission Electron Microscopy (TEM, Size Statistics) {#sec3.2}
-------------------------------------------------------

TEM analysis of the CS-AuNPs (1, 2 and 5 mM gold precursor) colloids was used to assess the shape and size distribution of the as-prepared nanoparticles (Figure [3](#fig3){ref-type="fig"}). Micrographs revealed the formation of mainly spherical shaped gold particles. Statistical analysis of the NP sizes based on the obtained micrographs is also presented as an inset. The smallest and the narrowest size distribution was obtained for chitosan with the average molecular weight and the highest deacetylation degree at each gold precursor concentration tested (CS_M).

![TEM pictures for CS_L/M/H_AuNPs (colloids) based on different gold precursor concentrations used in the synthesis (e.g., M1, M2, M5 and M10 stands for 1, 2, 5 and 10 mM, respectively).](am-2014-08094e_0003){#fig3}

Synthesis with the highest gold initial concentration (10 mM) was additionally performed for the CS_M. The sample consists of nanoparticles with an average diameter of 16 ± 4 nm. In Table [1](#tbl1){ref-type="other"}, the statistical average sizes for all of the samples are listed. Importantly, the smallest particles, at each gold concentration level, were obtained for CS_M.

###### Average AuNP Sizes Depending on the Gold Precursor Initial Concentration

       gold nanoparticle sizes/nm            
  ---- ---------------------------- -------- ---------
  1    26 ± 8                       14 ± 5   38 ± 16
  2    35 ± 7                       14 ± 3   37 ± 13
  5    29 ± 10                      16 ± 5   36 ± 14
  10                                16 ± 4    

Using high resolution TEM and contrasting the polymeric matrix using phosphotungstic acid on the M10 colloid, a chitosan halo around the particles can be observed ([Supporting Information](#notes-1){ref-type="notes"}), which confirms the strong interactions between the polymer and the noble metal surface.

Transmission Electron Microscopy (TEM) CS_AuNPs Nanocomposites Analysis {#sec3.3}
-----------------------------------------------------------------------

To get an insight into the uniformity of the AuNP distribution among the nanocomposites, TEM analysis of the films with the lowest gold content was performed. The most uniform AuNP distribution was observed for CS_M based samples (Figure [4](#fig4){ref-type="fig"}AM1). Unlike M1, unequal layout is apparent for chitosan with the highest molecular weight (H1) where many areas lacking NPs or showing large NP based aggregates are present. Although aggregates were not observed for sample L1, the distribution of nanoparticles is less uniform than for the M1 sample. A homogeneous dispersion of AuNPs was also presented for CS_M samples with higher gold content, thus confirming a high stabilizing potential of chitosan with the medium average molecular weight (Figure [4](#fig4){ref-type="fig"}B). Also, STEM-HAADF micrographs collected for this M5 sample presented gold nanoparticles as bright dots because the contrast is directly related to the atomic number, certifying the gold homogeneity when using chitosan medium based materials (Figure [4](#fig4){ref-type="fig"}C).

![TEM and STEM-HAADF micrographs for L1/M1/H1 nanocomposites (A) and M5 (B and C) nanocomposite reveals a proper gold nanoparticles distribution across the film.](am-2014-08094e_0004){#fig4}

Energy dispersive spectroscopy elemental analysis (EDS) was performed to provide evidence of the presence of gold nanoparticles in the nanocomposites ([Supporting Information](#notes-1){ref-type="notes"}).

Fourier Transform Infrared (FTIR) Spectra Analysis {#sec3.4}
--------------------------------------------------

To confirm the specific interaction of chitosan functional groups with the metal surface FTIR spectra of pure chitosan films (L/M/H) and chitosan--gold nanocomposites were collected. For better interpretation, only the region between 1200 and 1750 cm^--1^ is presented. Figure [5](#fig5){ref-type="fig"} shows representative spectra with the characteristic vibrational bands of chitosan. A typical chitosan spectrum presents bands at ∼1650 and ∼1590 cm^--1^ corresponding to amide I groups, C--O stretching along with N--H deformation mode (acetylated amine, and to free amine groups, respectively).^[@ref54]^ Absorption at 1376 and 1409 cm^--1^ could be assigned to bending vibrations of −CH~2~ and −CH~3~, respectively.^[@ref61]^ Also, 1320 and 1259 cm^--1^ bands can be distinguished, corresponding, respectively, to CH~2~ wagging vibration in primary alcohol and the amide III vibration coming from combination of N--H deformation and C--N stretching.

![FTIR spectra of pure chitosan films (L/M/H) and their nanocomposites with increased gold NP content.](am-2014-08094e_0005){#fig5}

The most representative changes coming from metal--chitosan interactions occur for the amino group band (∼1590 cm^--1^ for pure polymer), which shifts to lower wavenumbers in the presence of gold nanoparticles due to electrostatic interactions between the polymer and the NPs. The spectra clearly determine the interactions between the primary amino groups with the metal nanoparticle surfaces.^[@ref62],[@ref63]^ Similar results were previously obtained for chitosan--silver by Wei et al. and Potara et al.^[@ref48],[@ref64]^

XPS Results {#sec3.5}
-----------

Figure [6](#fig6){ref-type="fig"}A presents the Au/C atomic ratio course upon different ion bombardment times for chitosan M films with two of the highest gold contents (M5 and M10). The low gold values observed on the surface could be due to the absence of gold nanoparticles on the surface, but it could also be produced by the unavoidable atmospheric contamination consisting mainly of carbon and oxygen. Another explanation for the low gold surface concentration could be the XPS analysis conditions, the samples are dried at very low pressure and it could cause the shrinking of the polymer chains on the surface encapsulating the gold nanoparticles. After etching, a few layers of the film were removed on sample M5 (≈20 nm) and the gold concentration remained constant, indicating a proper dispersion of the nanoparticles along the film depth. According to the Au/C ratio values for the M10 sample, the thickness showing a gold gradient concentration is thicker, around 80 nm. XPS maps of the surface of the films show a homogeneous gold nanoparticle distribution in both samples (Figure [6](#fig6){ref-type="fig"}B,C).

![XPS depth profiling results of chitosan--gold films (A); XPS maps of AuNPs distribution for M5. The lighter the blue color, the higher the Au concentration present (B) and M10 (C) film. The lighter the blue color, the higher the Au concentration present.](am-2014-08094e_0006){#fig6}

Antibacterial Activity Test {#sec3.6}
---------------------------

To determine the biocidal potential of CS-AuNP films, two representative bacterial strains were selected. Both of them, *S. aureus* ATTC 25923 and *P. aeruginosa* ATTC 27853, normally populate the skin or mucous membranes of humans and cause a wide range of serious diseases.^[@ref65],[@ref66]^ The antibacterial activity of gold nanoparticles embedded within the chitosan films was tested according to the Standard Norm ASTM E2180-07 for polymeric substances. Composites were sterilized before the antibacterial test, according to the norm demands. To certify the reproducibility of antibacterial tests, experiments were performed in triplicate. The test results were calculated as CFU/mL and are presented in Figure [7](#fig7){ref-type="fig"} (Ct~0~ stands for initial bacterial culture at the beginning of the experiment).

![Antibacterial test results (Standard Norm ASTM E2180-07) for CS_L/M/H composites with different based AuNPs loading (1, 2, 5 and 10 mM gold precursor), against *S. aureus* ATCC 25923 (A) and *P. aeruginosa* ATCC 27853 (B). Data were expressed as the mean ± standard error (*n* = 3).](am-2014-08094e_0007){#fig7}

Films based on chitosan with medium Mw and one of the uppermost gold content (M5) demonstrated the highest antibacterial effect in comparison to chitosan with low and high Mw based composites. Gram-negative biofilm forming strains (*P. aeruginosa*) appeared to be more resistant than Gram-positive *S. aureus* at each gold nanoparticle concentration. Based on these results, CS_M was selected for the preparation of nanocomposites with the highest AuNP content, M10. A total bactericidal effect for those materials was obtained (Figure [7](#fig7){ref-type="fig"}\*). The molecular weight of chitosan clearly affects the antibacterial activity of the resulting nanocomposites. The biocidal effect was reduced for materials based on CS_H, intermediate for CS_L and finally the most effective antimicrobial material appeared to be CS_M. Additionally, SEM analysis was carried out in order to evaluate the morphological changes in the bacterial cell wall upon contact with the bactericidal films (M5 and M10). Bacterial cell structural damage, induced by CS-AuNPs, was clearly observed for both tested strains (Figure [8](#fig8){ref-type="fig"}). Multiple holes and perforations were formed on the surface of *S. aureus* after exposure to M5 and M10 films, resulting in a total cell disintegration. Similarly, *P. aeruginosa* cells seem to alter their form, from elongated bacillus to ragged and irregular shapes, which confirms their total lysis. Results stay in agreement with the obtained CFU values. The presented characteristics of the prepared nanocomposites enable to analyze and understand their biological activity more accurately. Several reports concerning the mechanism of chitosan or gold nanoparticles antibacterial activity have been presented.^[@ref49],[@ref57]^ However, the exact mechanisms have not been elucidated yet. Other authors demonstrate that polycationic chitosan interacts with negatively charged bacterial cell wall and leads to intracellular components leakage.^[@ref67]^ The higher DD and amino groups number, the higher positive charge enabling interactions with cell wall and finally, the better antibacterial potential of pure polymeric films.^[@ref68]^ Also, low molecular weight of the polymer facilitates cell wall penetration and interaction with intracellular components whereas high Mw enables only surface interactions.^[@ref69]^ Here, the main bactericidal effect is a result of the AuNPs activity, which is also an object of many scientific papers trying to explain their mechanism. AuNPs can interact with sulfur-containing proteins in the cell membrane changing its permeability, leading to intracellular components leakage and finally cell death or/and bind to DNA and inhibit transcription.^[@ref70]^ As the positive charge of the polymer is greatly reduced upon AuNP synthesis and further film formation, the antibacterial activity of chitosan films decreases in comparison to the polymeric dispersion. Still, bacteriostatic activity of chitosan films can be observed. It has been shown that size and AuNP dispersion degree influence their antimicrobial activity. The smaller and well-distributed gold nanoparticles, the more significant bacteria depletion occurs. Chitosan with medium Mw appears to be the best stabilizing agent for AuNP formation. The obtained gold nanoparticles have the smallest size and the most uniform distribution across the resulting films when using this medium Mw chitosan. Thanks to the high DD and thus the high number of amino groups responsible for NPs formation, a high reduction rate for the gold ions is also obtained.^[@ref71]^ Because the reduction and seed formation occur in many places at once, the smallest nanoparticles are formed compared to the other Mw chitosans tested. As the viscosity of the polymer increases, the formation of less nucleation centers is more probable due to the hindered ion diffusion and reducing agent across the gel. The molecular weight of the polymer influences also further AuNP distribution in the resulting film. Low and high Mw polymers do not ensure good NP distribution across the film due to their insufficient stabilization and thus diffusion or aggregates formation, respectively. Our results stay in agreement with previous work of Prema et al. and Zhang et al., who presented chitosan and other polysaccharide stabilized gold nanoparticles as antibacterial agents.^[@ref57],[@ref72]^ Bacterial cell wall morphology upon incubation with chitosan medium based nanocomposites was further analyzed, and the results support their bactericidal action (Figure [8](#fig8){ref-type="fig"}). For both bacterial strains tested, significant and progressive damage on the cell wall can be observed, which resulted in total cell lysis. Another important aspect that we present is the importance of a direct contact between materials and bacteria in order to achieve bactericidal effect. Even when the XPS results showed a low gold concentration on the surface, during the bactericidal test swelling of the polymer would occur, allowing the contact of AuNP with the bacteria. We confirmed the absence of AuNP detachment from the prepared nanocomposites by UV--vis spectrophotometry. Those results importantly contribute to the cytotoxicity test outcomes explanation.

![SEM micrographs representing the morphology of the bacteria cell wall upon contact with chitosan and chitosan--gold nanocomposites (CS_M with 5 and 10 mM gold initial precursor) on (A) *S. aureus* ATTC 25923 and (B) *P. aeruginosa* ATCC 27853.](am-2014-08094e_0008){#fig8}

Cytotoxicity Assay {#sec3.7}
------------------

MTT and LDH assays were carried out to assess the effect of chitosan--gold nanocomposites on mammalian cell viability. Any possible interference of the nanoparticles with the colorimetric tests was discarded.^[@ref73]^ The cytotoxicity of the prepared materials was evaluated after 24 h of incubation for both colloids based on gold nanoparticles embedded in chitosan and solid nanocomposites. Figure [9](#fig9){ref-type="fig"} presents the data for A549 cells, showing a slight and concentration-dependent decrease in cell viability assessed by the MTT test. Increasing in the range from 143 μM up to 714 μM, the most significant cytotoxic effect can be observed for AuNPs based on chitosan with the highest Mw, where the cell population reduction reaches almost a 45%. Similarly, for CS_L based samples, cellular viability decreased to a 69% for the highest concentration tested. The lowest cell population reduction (\<18%) is observed for chitosan with the medium Mw.

![Cellular viability after incubation with different CS_L (A), CS_M (B), CS_H (C) based AuNP colloid concentrations for A549 (I, MTT assay) and HaCaT (II, LDH assay; III, MTT assay) cell line. Data are expressed as the mean ± standard error (*n* = 9).](am-2014-08094e_0009){#fig9}

Noteworthy, a wide concentration range remains at very high micromolar levels without a significant cytotoxic effect, which is a remarkable novelty. A similar effect was observed for HaCaT cells, where no acute cytotoxicity was noted for almost all AuNPs concentrations. Cytotoxicity of CS-AuNPs colloids was tested to present that even the possibility of direct internalization of chitosan modified gold nanoparticles into cells do not cause acute viability reduction up to micromolar concentrations. Figure [9](#fig9){ref-type="fig"}II and III shows both LDH and MTT assay results after 24 h of incubation. According to the MTT test, only the 500 μM AuNP seem to cause diminution of cell population, whereas LDH assay indicated no cytotoxic effect.

In the next step, A549 and HaCaT cells were incubated with chitosan--gold nanocomposites after 24 h. Again, the cytotoxicity was quantified by the MTT and LDH assays (Figure [10](#fig10){ref-type="fig"}). Concentration of AuNPs and chitosan molecular weight clearly influence the toxic effect for both cell lines. According to the MTT results, CS_L based films at each AuNPs concentration level exhibited the highest reduction rate (∼20%) for both cell lines. However, A549 cells appeared to be more sensitive to the nanocomposite presence and the M10 sample induced almost 40% viability reduction (Figure [10](#fig10){ref-type="fig"}A). Still, CS_M samples with lower gold content were the least toxic. Importantly, HaCaT cells turned out to be more tolerant to CS-AuNPs contact (Figure [10](#fig10){ref-type="fig"}B,C). No cell viability reduction was noted even for the M10 composite. Additionally, LDH test was performed for HaCaT cells and confirms no significant cytotoxicity on the tested materials.

![Cellular viability after 24 h incubation with CS L/M/H based nanocomposites with different content of gold nanoparticles A549 (A) MTT assay and HaCaT (B) MTT and (C) LDH assay. Data are expressed as the mean ± standard error (*n* = 9).](am-2014-08094e_0010){#fig10}

The wide interest in AuNP containing materials, coming from a broad variety of outstanding properties, forces scientists to evaluate and explain their possible cytotoxic effects. Generally, gold nanoparticles are described as chemically stable, biocompatible and nontoxic.^[@ref39]^ The amount of data about possible AuNP--cell interactions is successively increasing. Simon and Jahnen-Dechent reported that 1--2 nm AuNPs were highly toxic, irrespective to the cell type tested, whereas colloidal forms of larger 15 nm NPs were comparatively nontoxic.^[@ref37]^ Effect of size, concentration and exposure time for AuNPs toxicity in the case of human dermal fibroblast was evaluated by Miranova et al.^[@ref36]^ Different mechanisms of AuNPs cellular uptake was discovered, depending on their size. Importantly, AuNPs induced cell damage is not permanent, meaning that the cells have the ability to recover. On the other hand, Li et al. provided evidence that 20 nm AuNP treatment could generate oxidative stress in MRC-5 lung fibroblasts.^[@ref74]^ Cytotoxicity test results for colloidal AuNPs in chitosan with medium Mw demonstrate almost no changes in cell viability after 24 h of incubation up to 700 μM concentration for A549 and even with 1 mM for HaCaT cell lines, in agreement with previously reported colloidal forms of AuNPs with lack of toxicity up to 6300 μM.^[@ref37]^ Another aspect is the nanoparticle surface modification with polymers. It has been demonstrated that the cytotoxic effect can be greatly reduced by using PAA-, PAH-, PMA-, PEG-coated gold nanorods (NRDs) in nanomolar concentrations.^[@ref40]^ Also, biopolymeric coatings as proteins, e.g., transferrin, can greatly reduce cytotoxic effect.^[@ref75]^ Herein, no significant cytotoxicity of resulting nanocomposites might be a consequence of biocompatible chitosan layer surrounding the AuNP surface. Due to the presence of chemical bonds between AuNPs and chitosan, the potential direct interactions of bare nanoparticles with cellular components might be weakened. Lack of AuNP release from the nanocomposites supports the biocompatible character of those materials. Moreover, the average diameter of AuNPs synthesized with three different chitosans is higher than 10 nm, which are reported to be less toxic.^[@ref37]^

Previously, we reported chitosan impregnated with silver NP as composites exhibiting total bactericidal effect against resistant and biofilm forming strains of *S. aureus*.^[@ref54]^ Silver nanoparticle cytotoxic effects are widely described in the literature. Reversely, chitosan--gold nanocomposites show antimicrobial action and no toxicity against human cells at the doses tested, which makes them a perfect candidate for many biomedical applications including wound dressings, adhesive bandages, coatings, etc.

4. Conclusions {#sec4}
==============

We have reported herein the synthesis of chitosan based gold nanoparticles and further innovative nanocomposite preparation. The main goal of the presented study was to optimize the procedure of chitosan based AuNP synthesis and films preparation in order to obtain materials with high antibacterial activity and simultaneously low cytotoxicity. Application of three different chitosan grades varying the average molecular weight and the deacetylation degree enabled us to reveal Mw/DD AuNP properties dependency. Gold nanoparticles based on chitosan with medium Mw and the highest DD exhibited the smallest average diameter (∼15 nm). The resulting nanocomposites demonstrated total bactericidal effect against two biofilm forming antibiotic resistant strains (*S. aureus* and *P. aeruginosa*). Homogenous AuNP distribution in CS_M films and strong nanoparticle attachment to the polymer was shown. Importantly, Au size in the range between 10 and 20 nm resulted in no significant cytotoxic effects on human cells. The polymeric layer on the NP surface also might be a reason for reduced toxic effects or even total toxicity exclusion.

Description of antibacterial test procedure, bacterial cell wall damage SEM visualization and composites physicochemical characterization details. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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